We report the effect of Al substitution on the temperature-dependent electrical resistivity, Seebeck coefficient, as well as thermal conductivity in the binary compound cobalt monosilicide. It is found that the substitution of Al onto the Si sites causes a dramatic decrease in the electrical resistivity and lattice thermal conductivity. A theoretical analysis indicated that the reduction of lattice thermal conductivity arises mainly from point-defect scattering of the phonons. For xу0.05 in the CoSi 1Ϫx Al x system, the Seebeck coefficient changes sign from negative to positive, accompanied by the appearance of a broad maximum. These features are associated with the change in the electronic band structure, where the Fermi level shifts downwards from the center of the pseudogap due to hole-doping effect. While the thermoelectric performance improves with increasing Al substitution, the largest figure-of-merit ZT value among these alloys is still an order of magnitude lower than the conventional thermoelectric materials.
I. INTRODUCTION
Transition-metal silicides with semiconducting or semimetallic properties have attracted considerable attention due to their practical applications in electronics and thermoelectrics. 1, 2 Cobalt monosilicide CoSi has been reported to be one of the promising candidates for advanced thermoelectric applications. 3, 4 Previous transport studies on this compound indicated that CoSi is a semimetal with the room-temperature electrical resistivity () on the order of 1 m ⍀ cm. 5, 6 The Seebeck coefficient S is negative, with a moderate absolute value of Ϸ80 V/K at 300 K. 3 On the other hand, the thermal conductivity , a combination of lattice contribution ( L ) and electronic contribution ( e ), is as high as 20 W/m K at room temperature. The electronic term estimated from the Wiedemann-Franz law e ϭTL o / ͑where the Lorentz number L o ϭ2.45ϫ10 Ϫ8 W ⍀/K 2 ) is only 0.7 W/m K at 300 K, suggesting that the lattice phonons are responsible for the observed large thermal conductivity.
In general, the efficiency of a thermoelectric material is given by the dimensionless figure-of-merit ZTϭS 2 T/. The energy conversion efficiency of a thermoelectric material increases with increasing ZT value. However, the difficulty in achieving good thermoelectric performance is characterized by the need to minimize the thermal conductivity of materials, while enhancing their electrical conductivity. The strategy to optimize these two conflicting parameters usually involves the increase of charge carrier by doping and the enhancement of phonon scattering by introducing crystallographic disorder. 7 In this study, we investigated the effects of chemical substitution on the thermoelectric properties including electrical resistivity, Seebeck coefficient, as well as thermal conductivity for CoSi 1Ϫx Al x (0рxр0.15). A significant decrease of lattice thermal conductivity accompanied by a large enhancement of electrical conductivity was observed as partially substituting Al onto the Si sites in CoSi. An analysis of lattice thermal conductivity further indicated that the point-defect scattering of the phonons plays an important role for the reduction of L . In addition, the evolution of the Seebeck coefficient in this class of materials was used to characterize the electronic structure in the region of the semimetallic pseudogap, in accordance with the band-structure calculations.
II. EXPERIMENTAL DETAILS AND RESULTS

A. Sample preparation and structural analysis
Polycrystalline CoSi 1Ϫx Al x samples were prepared by mixing appropriate amounts of elemental metals. Mixture of high-purity elements was placed in a water-cooled copper crucible and then melted several times in an argon arcmelting furnace. An x-ray analysis taken with Cu K␣ radiation on powder specimens was consistent with the expected B20-type structure, 8 with no other phases present in the diffraction spectrum, as demonstrated in Fig. 1͑a͒ . The variation of lattice parameter as a function of Al concentration is shown in Fig. 1͑b͒ . It is clearly seen that the lattice parameter increases with x, indicating that the Si sites are successfully replaced by Al atoms, according to the Vegard's law. It should be addressed that two samples with xϭ0.20 and 0.30 were also fabricated. Although their x-ray spectra show single phase, the relative intensity of the diffraction peaks indicates strong disorder occurring in both materials. In this regard, the solubility limit for Al in the CoSi lattice is about xϭ0.15 using our growth method.
B. Electrical resistivity
Electrical resistivity for the CoSi 1Ϫx Al x alloys was obtained by a standard dc four-terminal method during warming process. The evolution of electrical resistivity with Al substitution is presented in Fig. 2 . For all studied samples, the electrical transport exhibits metallic behavior ͑positive temperature coefficient͒. Upon Al substitution for Si, the electrical resistivity of the CoSi 1Ϫx Al x alloys shows a significant reduction with increasing x. Such a result is attributed to an increase of hole carriers via substitution, as Al has one more hole in its valence shell than Si. It is worthwhile mentioning that a 20-fold decrease in is obtained with 15% Al substitution (xϭ0.15) than the CoSi sample.
C. Seebeck coefficient
Seebeck coefficients for the CoSi 1Ϫx Al x series were measured with a dc pulse technique. Seebeck voltages were detected using a pair of thin Cu wires electrically connected to the sample with silver paint at the same positions as the junction of differential thermocouple. The stray thermal emfs are eliminated by applying long current pulses (ϳ100 s) to a chip resistor which serves as a heater, where the pulses appear in an off-on-off sequence.
The T-dependent Seebeck coefficient of CoSi 1Ϫx Al x is shown in Fig. 3 . The negative S values for the stoichiometric compound of CoSi indicate that electron-type carriers dominate the heat transport in the entire temperature range we investigated, consistent with the previous results.
3 -5 For the slightly substituted sample (xϭ0.02), the S values remain negative regardless of a positive peak at low temperatures. Note that the absolute value of S for CoSi 0.98 Al 0.02 is considerably smaller than that of CoSi. Such a result can be ascribed to the compensation of p-and n-type carriers involved in the heat transport processes by substitution. Upon further Al substitution for Si (xу0.05), the hole concentration increases and consequently reverses the sign of S from negative to positive. In these alloys, the Seebeck coefficient develops broad maximums and the corresponding peak positions shift to higher temperatures with increasing x. The downturn in S at high temperatures is presumably due to the contribution of thermally excited quasiparticles across their pseudogaps. The observed Seebeck coefficients can be un- derstood within the framework of two-carrier electrical conduction. Accordingly, the total S can be expressed as
where S p,n and p,n represent the Seebeck coefficients and electrical conductivities for the p-and n-type carriers, respectively. Since the signs of S p and S n are opposite, tuning these quantities could result in a sign change in S, as we did observe in the present study.
D. Thermal conductivity
To further evaluate the possibility for potential thermoelectric applications in these materials, we performed T-dependent thermal-conductivity measurements. Thermalconductivity measurements were carried out in a closedcycle refrigerator, using a direct heat-pulse technique. Samples were cut to a rectangular parallelepiped shape of typical size of 1.5ϫ1.5ϫ5.0 mm 3 with one end glued ͑with thermal epoxy͒ to a copper block that served as a heat sink, while a calibrated chip resistor as a heat source glued to the other end. The temperature difference was measured by using an E-type differential thermocouple with junctions thermally attached to two well-separated positions along the sample. The temperature difference was controlled to be less than 1 K to minimize the heat loss through radiation, and the sample space is maintained in a good vacuum (Ϸ10 Ϫ4 torr) during measurements. All experiments were performed on warming with a rate slower than 20 K/h. The uncertainty of our thermal conductivity is about 20%, mainly arising from the error on the determination of the geometrical factor of these samples.
In Fig. 4 , we display the observed thermal conductivity for all studied samples. At low temperatures, increases with temperature and a maximum appears between 40 K and 70 K. This is a typical feature for the reduction of thermal scattering in metals at low temperatures. A remarkable trend found in is that the height of the low-temperature peak decreases dramatically with increasing substitution level, indicative of a strong enhancement in the phonon scattering by Al substitution. Generally, the total thermal conductivity for ordinary metals and semimetals is a sum of electronic and lattice terms. The electronic thermal conductivity e can be evaluated using the Wiedemann-Franz law e /TϭL o with the measured resistivity data. The lattice thermal conductivity L , plotted in Fig. 5 , is obtained by subtracting e from the observed . As seen from Fig. 5 , the values of L reduce drastically with increasing x in CoSi 1Ϫx Al x . It is found that the peak value of L decreases from 49 W/m K for CoSi to 13 W/m K for CoSi 0.85 Al 0.15 . This observation is quite surprising, with which 15 at. % of Al substitution of the Si site could lead to such a huge reduction in L . An analysis regarding this issue will be described in the following section.
III. DISCUSSION
It is known that the Seebeck coefficient measurement is a sensitive tool of probing the energy relative to the Fermi surface and the results could reveal information about the Fermi-level band structure. From the band calculations, CoSi, characterized as a semimetal, has a slightly indirect overlap between electron and hole pockets, which yields a small density of states ͑DOS͒ at the Fermi surface. 10 Although the hole pockets are heavier (m h Ϸ6m o and m e Ϸ2m o ), 5 the electron pockets are larger than the hole ones, still leading to the n-type carriers dominate its transport properties. The observed negative Seebeck coefficient in CoSi is thus consistent with this two-carrier electrical conduction picture.
With replacing Si by Al, the values decrease accompa- nied by the sign change in S. These observations are associated with an increase of the number of hole carriers via Al substitution, as expected from the nominal valences of Si and Al. Since the DOS in the pseudogap is very small, a change in the carrier concentration would lead to an appreciable downward shift of the Fermi energy E F within a simple rigid-band scenario. This shift reduces the electron pockets but enlarges the hole pockets, making the p-type carriers dominate the transport behavior. As the temperature increases further, intrinsic electrons and holes are excited across the pseudogap. If the electrons have a slightly higher mobility than the holes in these materials, the thermal transport is increasingly governed by n-type carriers and the positive Seebeck coefficient would decrease after passing through a broad peak, as we observed in these materials. In addition, with increasing x value E F shifts from near the valley to slightly below the center of pseudogap, resulting in a higher activated energy for quasiparticles to be thermally excited across the pseudogap. Therefore, the S maximum shifting toward higher temperature with larger x can be qualitatively understood in terms of this picture. Now we discuss the influence of Al substitution on the phonon scattering processes in these alloys. In order to clarify the origin of the significant reduction of L , we modeled the T-dependent L using the Debye approximation. Such an analysis has been successfully applied to the p-type skutterudites and other materials, 11, 12 and the obtained fitting parameters would provide information about the phonon scattering mechanisms in the studied samples. In the model of Debye approximation, L is written as 13,14
where xϭប/k B T is dimensionless, is the phonon frequency, ប is the reduced Planck constant, k B is the Boltzmann constant, D is the Debye temperature, v is the average phonon velocity, and P Ϫ1 is the phonon scattering relaxation rate. Here P Ϫ1 is the combination of three scattering mechanisms and can be expressed as
where the grain size L and the coefficients A and B are the fitting parameters. The terms in Eq. ͑3͒ are the scattering rates for the grain-boundary, point-defect, and phononphonon Umklapp scatterings, respectively. In general, the grain-boundary scattering is a dominant mechanism for the low-temperature L , while the Umklapp procedure is important at high temperatures. The point-defect scattering, on the other hand, has a strong influence on the appearance of the shape and position of the phonon peak occurring in the intermediate temperature regime. Taking vϭ5400 m/s and D ϭ410 K given from the specific heat measurement for CoSi, 15 the experimental data of all studied samples can be fitted very well for TϽ120 K. The fitting curves are drawn as solid lines in Fig. 5 , and the resulting parameters are listed in Table I . Notice that the fitting curves deviate from the data points for TϾ120 K. We attempted to include electron-phonon interaction in the calculations, but such an effort yielded no significant improvement to the overall fit. We thus conclude that electron-phonon scattering has a minor influence on the lattice thermal conductivity in CoSi 1Ϫx Al x . The discrepancy between the measured data and the fit at high temperatures may arise from radiation losses during the experiments, temperature dependence of the Lorentz number, and the undetermined Debye temperatures for the substituted compounds. This discrepancy, however, has little effect on the following discussion.
As seen from Table I , the grain size L for the studied materials varies from 5 to 9 m with no obvious tendency among these samples. Also the Umklapp coefficient B scatters around in these samples, presumably due to the unknown Debye temperature for these materials ͑except CoSi͒. It should be noted that even though the Debye temperature is a significant factor for the Umklapp scattering rate, it only affects the fitting result at high temperatures. On the other hand, a systematic change of the parameter A is obtained from the fit, where A increases with increasing Al content. According to the model proposed by Klemens, 16 the prefactor A is proportional to c(1Ϫc), where c is the relative concentration of point defects. As shown in Fig. 6 , the parameter A scales linearly with x(1Ϫx), suggesting that the effect of Al substitution for Si in the CoSi 1Ϫx Al x system is strongly related to the appearance of point defect. We argue that these point defects are not originated from the mass fluctuations between Si and Al, since their atomic size and mass differences are less than 4%. Rather, other lattice imperfections, such as vacancies, are introduced with Al substitution, which in turn give rise to a considerable amount of point defect to the substituted samples.
From the application viewpoint, the efficiency of a thermoelectric material is characterized by the dimensionless ZT value. For the present studied system, the ZT value increases significantly with increasing Al concentration, as demonstrated in Fig. 7 . This is mainly due to the fact that both and L decrease drastically with Al substitution, although no significant enhancement on the Seebeck coefficient is observed. As one can see from Fig. 7 , an encouraging ten-time enhancement on the room-temperature ZT value between CoSi ͑0.0047͒ and CoSi 0.85 Al 0.15 ͑0.041͒ is achieved. However, the highest ZT found among the studied compositions is still an order of magnitude smaller than that of the stateof-the-art thermoelectric materials such as Bi 2 Ti 3 .
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IV. CONCLUSIONS
A systematic study of the thermoelectric properties on CoSi 1Ϫx Al x (xϭ0.00-0.15) was performed. Upon Al substitution for Si, the CoSi 1Ϫx Al x alloys exhibit a significant reduction in and a sign change in S, due to hole doping to the substituted samples. Besides, broad maximums in S are observed and the corresponding peak positions shift to higher temperatures for larger x. Such observations were attributed to the contribution of thermally excited quasiparticles across their pseudogaps and the latter feature was connected to the shift of Fermi energy E F within the rigid-band scenario. Furthermore, the effect of Al substitution is strongly related to the appearance of point defects, which causes a drastic reduction of the lattice thermal conductivity. In this work we clearly demonstrate that Al substitution for the Si sites in CoSi represents a good opportunity for improving its ZT value, although these values are still small compared to the conventional thermoelectrics. Based on what we found in this investigation, an important issue which should be considered in future studies is the effect of n-type doping on the thermoelectric performance of the CoSi system.
